Hypochlorous acid (HOCI) is a toxic oxidant produced by neutrophils at sites of cardiac inflammation. To examine the effect of this oxidant on Ca2' homeostasis in the heart, isolated rabbit ventricular myocytes were iontophoretically loaded with the Ca2' indicator fura 2 and superfused with 100 puM HOCI under voltage-clamp conditions. Ca24 transients and the corresponding Ca24 currents were elicited by 300-msec depolarizing pulses from -40 to 0 mV. Within 200 seconds after HOCI addition, the amplitude of the Ca2+ transients was reduced from 402±89 to 82+29 nM (p<0.01) while intracellular free Ca24 concentration ([Ca2+1]) increased from 78±+16 to 265+±48 nM (p<0.01). During this time, the amplitude of the slow inward currents increased by 10%, while steady-state holding current remained stable. This sustained steady-state rise in [Ca21]1 occurred even in the absence of extracellular Ca2+ but was virtually abolished by a 20-second preexposure to 10 mM caffeine, suggesting that the major source of this Ca2+ was the sarcoplasmic reticulum. Although washout of HOCI failed to induce recovery, subsequent exposure to the dithiol reducing agent dithiothreitol caused a rapid restoration of both the steady-state [Ca2+1i and Ca2+ transient amplitude. We conclude that 1) HOCI caused a rise of [Ca211 by inducing the release of Ca24 from internal stores and impairing cellular extrusion mechanisms and 2) these effects occur through alteration of protein thiol redox status. (Circulation Research 1991;69:1132-1138 T he mechanical dysfunction that is observed after the reperfusion of previously ischemic myocardium has been linked to the accumulation and activation of polymorphonuclear leukocytes (PMNs) in the reperfused region.' PMNs can release highly reactive oxidants such as hydrogen peroxide and hypochlorous acid (HOC1).2 In vitro studies have revealed that oxidants can inactivate many cellular ion regulatory proteins, including Na+,K+-ATPase,3 the sarcolemmal Ca2 pump,4 the Na4-Ca`+ exchanger,5 and Ca2-ATPase of the sarcoplasmic reticulum (SR),6 through the oxidation of protein thiols. Inactivation of any of these proteins by PMN oxidants could impair cellular Ca2' homeosta-From the sis and could account for the development of the cytosolic Ca'+ overload that is often observed in the reperfused myocardium.7
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T he mechanical dysfunction that is observed after the reperfusion of previously ischemic myocardium has been linked to the accumulation and activation of polymorphonuclear leukocytes (PMNs) in the reperfused region.' PMNs can release highly reactive oxidants such as hydrogen peroxide and hypochlorous acid (HOC1).2 In vitro studies have revealed that oxidants can inactivate many cellular ion regulatory proteins, including Na+,K+-ATPase,3 the sarcolemmal Ca2 pump,4 the sis and could account for the development of the cytosolic Ca'+ overload that is often observed in the reperfused myocardium. 7 HOCI is considered to be the most reactive oxidant produced by PMNs2 and, at physiological levels of PMNs, can reach concentrations in the 100-,uM range.8 Our previous findings9 have shown that the superfusion of isolated papillary muscles with HOCI caused a decline in mechanical function that correlated with a depletion of protein sulfhydryls. Subsequent superfusion of the muscles with the disulfide reducing agent dithiothreitol (DTI) produced a significant concomitant recovery of both protein thiols and contractile function, suggesting that HOCI causes contractile dysfunction by disrupting thioldependent Ca 2 transport mechanisms and that this disruption may be reversed by DPT. The objective of the present study was, therefore, to examine more closely the effects of HOCI and DTT on Ca2' regulation by directly measuring intracellular steady-state free Ca21 concentration ([Ca2+]i) in fura 2-loaded ventricular myocytes and to determine the relation between depolarization-induced Ca21 transients and the inward Ca 2 currents.
Materials and Methods Cell Isolation and Electrical Recordings
Cardiac myocytes were isolated from adult rabbit ventricular septum as described previously.10 During experiments, cells were superfused in a 300-gl glassbottomed chamber mounted on an inverted epifluorescence microscope (Diaphot, Nikon). The superfusion solution contained (mM) NaCl 145.0, KCl 5.0, MgCl2 1.2, Na2HPO4 1.37, NaH2P04 0.43, glucose 10, HEPES 5, and CaCl2 2 (unless otherwise stated), pH 7.4, 37°C at a rate of -3 ml/min.
Electrical recordings were obtained with small suction electrodes containing (mM) potassium aspartate 95, KH2P04 1, K2ATP 5, K2-phosphocreatine 2.5, MgCl2 2.5, KCl 15, taurine 10, and HEPES 5, pH 7.3 with iN KOH (DC resistance, -50 MQ). These electrodes were chosen to minimize intracellular dialysis and prevent rundown of the slow inward currents. Single electrode voltage-clamp experiments were performed by use of the chop-clamp technique (Axoclamp 2A, Axon Instruments, Burlingame, Calif.) with a chopping frequency of -2-3 kHz. Membrane potential values were corrected for a 10-mV underestimation caused by changes of junction potential.10 Data acquisition and analysis were performed using the ASYST (Keithley Asyst, Rochester, N.Y.) integrated software package. Current signals were filtered using an eight-pole Bessel filter at half the sampling rate, which was 1 kHz unless otherwise stated.
[Ca2+]i Measurement [Ca2]i was determined using fura 2 (pentapotassium salt, Molecular Probes, Inc., Eugene, Ore.)" Fura 2-loaded cells were excited through a x40 ultraviolet objective at 350 and 380 nm, with emission light centered at 505 nm and measured using a photomultiplier tube. Wavelengths were alternated at 200 Hz (unless otherwise stated) using a computercontrolled dual-beam spectrofluorometer (Fluorology, SPEX Industries, Inc., Edison, N.J.). Fluorescence was recorded from a portion of the cell distant from the site of impalement. Cell autofluorescence was determined before loading and subtracted from the fura 2 fluorescence signals. The ratio signals were digitally filtered at half the sampling rate before analysis.
[Ca2]i was calculated by the ratio method1' with a Kd of 230 nM, as determined from our calibration solutions containing (mM) KCl 145, HEPES 5, and EGTA 5, pH 7.2 adjusted with 1N KOH, with pCa values ranging between 3 and 9.12 Minimum and maximum ratios (0.9 and 13.9, respectively) were similar to those measured in digitonin-treated cells Results Figure lA shows the effect of the iontophoretic injection of fura 2 into an isolated rabbit myocyte. To minimize Ca2' buffering by fura 2, injection was stopped when fluorescence signals reached approximately three times background values. It can be seen that, after an initial period of large noise caused by the small fluorescence values, the 350/380 ratio remained constant during fura 2 injection, showing that [Ca'+]i was not perturbed by this procedure.
Tracings of a Ca2' transient and simultaneous Ca21 current are also shown in Figure 1B . The depolarization-induced change in [Ca2+]i is composed of a rapid but transient rise in [Ca2+]i, followed by a sustained elevation of steady-state [Ca2]i, as was described in other species.13 The Ca 2 transients tended to decrease progressively after cell isolation, however, such that their amplitude (peak minus steady-state [Ca2]i) was generally <500 nM in myocytes studied 3-4 hours after their isolation. This decline may be explained by depletion of Ca21 from the SR in these unstimulated myocytes.
Effects of HOCI on Steady-State [Ca21]i and Ca2' Transients As shown in Figure 2A , the addition of 100 ,M HOCl rapidly induced a marked rise in [Ca2+]i over time. This effect was observed consistently, and steady-state [Ca2]i at -40 mV significantly increased (p<0.0l) from 78±16 to 265±48 nM (n=11) within the first 3 minutes of exposure to HOCl. Washout of HOCl failed to induce recovery of intracellular free Ca21 levels. Figure 2B shows that HOCl also caused a pronounced inhibition of the Ca 2 transients; their maximum amplitude decreased significantly from 402±89 to 82±+29 nM after 3 minutes of exposure to HOCl (n=11, p<0.0l). It is also noticeable from these tracings that both the fast and the sustained components of the transients were depressed. On the other hand, and contrary to what would be expected from an elevated [Ca21]i, the amplitude of the slow inward current was, if anything, slightly increased by HOCl treatment (9.5+±5% greater than initial amplitude, as measured from the difference between peak and steady-state values during the 300-msec pulses). Holding currents also remained stable, although small outward shifts were usually observed. Furtherthe fluorescent characteristics of fura 2 itself were more, prolonged exposure to~HOCI appeared to current. Panel A: After accessing the interior ofthe cell with a suction pipettefilled with 0.9 mMfura 2, a continuous hyperpolarizing current of 1 nA was applied. This resulted in a gradual increase in fluorescence intensity of both the 350-and 380-nm signals indicative offura 2 loading, as shown at the top of the panel (sampling rate =20 Hz; intensity values are in arbitrary units). The upward spikes at the top ofpanelA correspond to a flash oflow-intensity illumination elicited to indicate the start and end ofcurrent injection. Background fluorescence for each fiequency, taken to be the values immediately before the initiation of injection, was subtracted before determnination ofthe ratio ofthe two signals (bottom ofpanelA). Note that the downward spike in the ratio signal corresponds to the flash of low-intensity light and was used as a marker for solution changes throughout this study. Panel B:
Representative Ca21 transient and Ca2' current tracings in response to a 500-msec depolarizingpulse from -40 to 0 mVare shown.
Fluorescence and current recordings were digitized at 0.1 and 1 kHz, respectively, and each of the signals represents the average of eight consecutive pulses (pulse frequency=0.5 Hz). cause the development of depolarization-induced transient outward current (Figure 2B , tracing iii).
To determine the contribution of intracellular stores to the elevation of [Ca21]j, experiments were also performed in nominally Ca2+-free superfusate.
As shown in Figure 3A , HOCl induced a substantial rise in steady-state [Ca2+]i even in the absence of external Ca2 . In this experiment, membrane potential was held at 0 mV. The observed HOCl-induced rise (i.e., 130 nM) was similar to that observed at resting membrane potential, where [Ca2"]i rose from 87±22 to 210±+16 nM (n=6). Therefore, it appears that HOCl effects are independent of membrane potential. In any case, these experiments show clearly that the main source of this elevated [Ca2+]i must be the internal stores. The involvement of the SR was further examined by exposing myocytes to 10 mM caffeine for 20 seconds before HOCl treatment, as shown in Figure  3B . Caffeine induced a large, transient increase of Figure  3B ).14 As expected, a second exposure to caffeine during HOCl treatment failed to induce any further transient current.
Effects of Dithiothreitol
Although washout of HOCI after 2 minutes of exposure failed to attenuate the oxidant's effects, a substantial reversal could be obtained by subsequent superfusion of the cells with the disulfide reducing agent DTT. As shown in Figure 4 , the replacement of HOCI with DTT rapidly induced a decline in steady-state [Ca2+Ji toward control levels, from a mean of 288±+70 nM after exposure to HOCI to 132±27 nM after 5 minutes in DTT (n=6). This decline in [Ca2+]i paralleled a significant restoration of the Ca21 transients ( Figure 4B) , whose amplitude increased from a mean of 92+52 to 233±67 nM. Interestingly, this DTT-induced recovery of Ca2' transients occurred in spite of a depression of the slow inward currents. A similar decrease in current amplitude was observed in control cells exposed to DTT only (data not shown).
Discussion
The results show clearly that exposure of ventricular myocytes to the oxidant HOCl causes rapid changes of both steady-state [Ca2"]i and intracellular Ca2' transients. Although these effects are irreversible by washout, they can be substantially reversed by D?FT, a disulfide reducing agent. These results are analogous to the effects of HOCl and DIT on the contractile function of rat papillary muscles as previously reported.9 Therefore, it is likely that one of the major factors contributing to the HOCl-induced mechanical dysfunction in the myocardium involves the disruption of thiol-dependent cellular Ca2' regulatory mechanisms.
HOCI Causes Release of Ca2' From

Intracellular Stores
The rise in steady-state [Ca2"]i in response to HOCI ( Figure 2 ) occurred even in the absence of external Ca21 (Figure 3 ). This indicates that the free Ca2' rise was mainly due to a release of Ca21 from intracellular stores and not to an increase of transsarcolemmal Ca21 influx, which could have occurred, for instance, after inhibition of Na+,K+-ATPase,3 loss of membrane integrity through lipid peroxidation,15,16 or increased Ca2' currents. The latter possibility can also be ruled out from our measurements of peak inward currents, which remained relatively unaffected during HOCl exposure (-10% increase).
Although caffeine is known to have effects other than the stimulation of Ca2' release from the SR, the inhibition of the HOCl-induced rise in [Ca2"]i by caffeine ( Figure 3 ) strongly suggests that the SR is the source of this [Ca2"]i. An impairment of SR function is also suggested by the HOCl-induced inhibition of the Ca2' transients (Figures 2 and 4) and is in agreement with data showing that HOCl both increases SR Ca2' release17 and impairs SR Ca21 uptake6J18 in isolated cardiac microsomes.
That the rise in the fura 2 fluorescence signal was prevented by preexposure to caffeine provides further evidence that HOCl does not alter the properties of the fluorophore either directly or indirectly through possible changes in intracellular pH or release of heavy metals,19 which may bind to fura 2.11
HOCI Impairs Cellular Ca2'-Extrusion Mechanisms
If the sole action of HOCI was to deplete the SR of Ca2+, the corresponding rise in [Ca2+]i should be transient, in a manner similar to that observed during exposure to caffeine. Instead, the HOCl-induced rise in [Ca21]i remained sustained for several minutes. Mg2+ and 0.5 mMEGTA). Panel A: Steady-state recordings from an unstimulated myocyte exposed to 100 .M HOCI after 3-minute superfusion with nominally Ca2+-free solution. HOC1 induced a rapid rise of the fluorescence ratio corresponding to an increase of [Ca2+1]ifrom 60 to 200 nM. Holding current remained stable within 25pA (note the large amplification ofthe current scalefor thisfigure). Washout ofHOCl caused only a small recovery of [Ca2+1] and holding current. Holdingpotential was set at 0 mVthroughout. Panel B: Recordingsfrom myocyte after exposure to caffeine. Before the addition ofHOCI, the cell was exposed to nominally Ca2+-free solutin for 1 minute and then to Ca2+-free solution with 10 mM caffeine for 20 seconds. Caffeine induced a large but brief (-2-seconds) Ca2' spike that corresponded to an amplitude of 100 nM Ca2+ and coincided with a 65-pA inward spike ofthe holding current. Under these conditions, HOC1 induced only a small rise of [Ca2+1i, from 90 to 120 nM. Reexposure to caffeine, together with a washout ofHOCI, failed to elicit any further release of Ca2+ or any current spike. Holdingpotential was set at -60 mVthroughout. Recordings in panels A and B are from two different cells. Sampling rate was 100 Hz for all tracings.
This observation suggests that the Ca2+ ions were effectively "trapped" within the cytosol and leads to the conclusion that HOCI exposure induces an impairment of the cellular Ca2`extrusion mechanisms as well. This is in agreement with studies, using membrane vesicles, that report impairment of the 
